A B S T R A C T Although a diminished fractional excretion of sodium (FEN.) is the hallmark of acute proliferative glomerulonephritis (APGN) , an enhanced natriuresis per glomerular filtration rate (GFR) in the chronic phases of this disease has been reported. We studied this adaptive response utilizing two different split-bladder dog models with unilateral, and a third group of dogs with bilateral Masugi's nephritis.
Group I. Six dogs with unilateral nonaccelerated APGN studied a mean of 6 days after induction had a mean base-line APGN/intact kidney GFR of 31/50 ml/ min (P <0.005) and FEN. of 0.2/0.75% (P <0.005).
Acute volume expansion caused a smaller absolute increase in FEN. from the APGN kidney, 1.6%, than from the intact kidney, 4 .0%, (P <0.01). Maximum tubular secretion of p-aminohippuric acid/GFR (TmPAH/GFR) measured in three dogs was higher in the APGN kidney than intact kidney, 13.1 vs. 9.3 mg/dl. Subsequent studies on three of the six dogs when the disease had become chronic demonstrated a reversal in the pattern of sodium excretion in response to volume expansion.
Group II. Six dogs with accelerated unilateral APGN (dogs presensitized to antibody source) studied a mean of 5 days after induction had a mean base-line APGN/ intact kidney GFR of 16/57 ml/min and FEN.I of 0.22/ 0.12% (P> 0.1). Contrary to group I, volume expansion caused a greater absolute increase in FEN. from the APGN kidney, 5.8%, than from the intact kidney, 2.9% (P < 0.05). TmPAH/GFR studied in four dogs was similar for both kidneys, 17.9 and 18.5 mg/dl for the Group III. Sequential studies were performed on seven dogs with bilateral nonaccelerated APGN. Initially each demonstrated sodium retention and a smaller absolute increase in FENS in response to volume expansion compared to a predisease control study. With disease progression, volume expansion induced a greater absolute increase in FEN. than in the control study.
We conclude that (a) the fractional excretion of sodium from the APGN kidney will be less or greater than the contralateral intact kidney or control study depending on the severity and/or chronicity of the disease, possibly as the result of morphologic alterations; (b) the degree of extracellular fluid volume expansion is an important variable influencing similarity of glomerulotubular balance between the APGN and contralateral intact kidney; and (c) the "intact nephron hypothesis" applies in a limited fashion to kidneys with APGN in the absence of volume expansion just as it does for kidneys with chronic glomerulonephritis or pyelonephritis. INTRODUCTION Kidneys in patients with acute proliferative glomerulonephritis (APGN)' classically exhibit increased tubular activity relative to the variable reduction in glomerular filtration rate as evidenced by sodium and water retention. Clinical reports indicate that other tubular functions such as secretion of p-aminohippuric acid (PAH) and reabsorption of glucose also decrease less than the glomerular filtration rate after acute glomerular injury (1) (2) (3) (4) . In contrast, Schacht et al. recently reported that patients studied months to years after an episode of acute 'Abbreviations used in this paper: APGN, acute prolifera-poststreptococcal glomerulonephritis have exaggerated salt loss after volume expansion compared to normal controls (5) . Functional alterations resulting from immunologically induced glomerular injury have received only limited attention despite extensive use of these animal models to investigate the various mediators of damage. Lubowitz et al. (6) showed that rats with nephrotoxic nephritis were able to maintain sodium balance when studied approximately 4l6 wk after the initial injection of nephrotoxic serum. Glucose titration curves on these rats were also normal (7). They, as well as Allison et al. (8) , found that glomerulotubular balance in the proximal tubule was well maintained but that the fractional excretion of sodium (FEN.) was increased despite a decreased single nephron glomerular filtration rate (GFR). Disease in these animals was severe as indicated by a marked reduction in GFR and histologic changes consisting of glomerular, interstitial, and tubular damage. On the other hand, Godon has reported that rats with mild nephrotoxic nephritis of 4-to 8-wk duration have a lower base-line fractional excretion of sodium and a smaller increase in sodium excretion after volume expansion than normal controls (9) . Histologic changes in these rats were limited to the glomeruli.
We have recently reported glomerulotubular balance2 is similar for the remaining functioning nephrons in the chronically diseased glomerulonephritic kidney and the contralateral intact kidney in the dog model with unilateral disease (10) . Sodium excretion and TmPAH and reabsorption of glucose per GFR were similar in both kidneys of these dogs when studied in a nonvolume-expanded nonuremic environment. Similarity of glomerulotubular balance in the diseased and intact kidney, however, is altered by extracellular fluid volume expansion. Both the chronically diseased glomerulonephritic and pyelonephritic kidney exhibit an exaggerated natriuresis per GFR compared to the contralateral intact kidney in response to an acute saline load (10, 11) . This suggests either that the change in internal milieu of the diseased kidney renders it more responsive to changes in oncotic or hydrostatic pressure in the peritubular capillaries, or that the chronically diseased kidney is more sensitive to a natriuretic substance released during volume expansion.
In this study we analyzed glomerulotubular functional relationships in kidneys with acute diffuse glomerular damage of varying severity and observed their functional progression with time, both during base-line and volumeexpanded states. Three different dog models with acute nephrotoxic nephritis were studied. In two of these models injury was limited to one kidney, the contralateral kidney being protected to maintain a nonuremic environment and serve as a functional and histologic control. These dogs had a split bladder with externally draining cystostomy tubes enabling simultaneous urine collection from both kidneys. For comparison, bilateral kidney damage was induced in a third model.
METHODS
In the first model, group I unilateral acute proliferative glomerulonephritis, non-accelerated, six dogs with unilateral nephrotoxic nephritis were followed during the gradual progression of their disease process. Because of time limitations imposed by obstructive complications developing from the split bladder and externally draining cystostomy tubes, we were able to follow only a limited number of dogs from acute-to-chronic stages of their nephritis to observe the changing patterns of sodium excretion. Therefore, in the second model, group II unilateral acute proliferative glomerulonephritis, accelerated, the development of nephrotoxic nephritis was accelerated by presensitizing six dogs to sheep IgG (4 mg in complete Freund's adjuvant intramuscularly), the animal source of our nephrotoxic serum. This was given 1 wk before unilateral injection of nephrotoxic serum. These dogs were thus exposed to the combined immunologic damage of both the heterologous (sheep antidog glomerular basement membrane) and autologous (dog antisheep immunoglobulin) phases of nephrotoxic nephritis causing immediate and severe damage. Finally, in group III bilateral acute proliferative glomerulonephritis, sequential studies were performed on eight dogs given nephrotoxic serum intravenously, causing bilateral disease.
Details of our method of inducing unilateral nephrotoxic nephritis in mongrel bitches is described elsewhere (12) . In brief, utilizing an in vivo kidney isolation technique, we injected approximately 10 ml of sheep nephrotoxic serum into the left artery of dogs not sensitized to sheep IgG while only 0.5 ml was utilized in presensitized dogs. All dogs had undergone a bladder-splitting operation with insertion of externally draining cystostomy tubes at least 2 wk before the induction procedure (13) . This operation permitted simultaneous collection of urine from both kidneys. Each dog underwent a base-line study to ensure similarity of function in the two kidneys before nephrotoxic serum injection. The potency of our antiserum was only empirically quantitated.
Group III dogs with bilateral nephrotoxic nephritis received from 10 to 20 ml of nephrotoxic serum intravenously depending on the severity of lesion desired. Before injection of nephrotoxic serum each dog underwent a base-line study. Sequential studies were then performed to observe the evolutional pattern of sodium excretion with progression of the glomerulonephritis. Dogs were studied usually twice during the 1st wk and weekly thereafter. A minimum of 2 days rest occurred between all studies with two exceptions. These dogs were not on a fixed salt intake.
For comparison with the group III dogs with bilateral nephrotoxic nephritis, acute pyelonephritis was induced in four dogs utilizing the method described by Beeson et al. (14) . The kidneys were exposed through a midline incision. The clearance of exogenous creatinine was used as an index of the GFR; CPAH was used as an approximation of the renal plasma flow. Maximum urine osmolality (Uma.) was determined on urine collected after 16-18 h of water deprivation. Standard formulas were used for the calculation of creatinine, PAH, osmolal, and free water clearances, filtration fraction, and fractional excretion of sodium and water.
Analytical methods. Serum and urine creatinine and PAH concentrations were obtained on an AutoAnalyzer (Technicon Instruments Corp., Tarrytown, N. Y.) ; osmolality was determined by freezing point depression (Advanced Instruments, Inc., Needham Heights, Mass.); specimens for Na and K were analyzed on a flame photometer (Instrumentation Laboratory. Inc., Lexington, Mass.).
Statistical methods. Standard error of mean is used as an index of dispersion. Significance was ascertained using Student's t test for paired samples.
Kidney biopsy tissue was studied by light and immuno- 
RESULTS

Group I. Unilateral APGN, nonaccelerated
Functional studies performed on six dogs with acute unilateral nephrotoxic nephritis before and immediately after an acute saline load are presented in Table I . Mean time of study after nephrotoxic serum injection was 6.2 days. By this time mean GFR in the injected kidneys had decreased to 31 ml/min compared to the intact kidney GFR of 50 ml/min. CPAH was similar for both kidneys; consequently the filtration fraction for the APGN kidney, 24%, was significantly lower than for the intact kidney, 40%, P < 0.005. Urinary sodium excretion and FENa were markedly lower from the APGN kidney than intact kidney in each of the six dogs, 8.6 vs. 51.1 Aeq/ min and 0.20 vs. 0.75%, respectively, P <0.005. The fractional excretion of water and free water clearance/ GFR were not significantly different for the two kidneys while the osmolal clearance/GFR for the APGN kidney at 3.3% was less than the 4.1% for the intact kidney, P < 0.05. Maximum concentrating ability was decreased for the APGN kidney, 1,145 mosmol/kg, but normal for the intact kidney, 1,789 mosmol/kg, P < 0.01.
After acute isotonic saline volume expansion, the GFR in the APGN kidney and intact kidney increased 4 and 12%, respectively, P > 0.05. However, mean CPAH increased significantly less for the APGN kidney, 11%, than for the intact kidney, 44%, P < 0.05. Of particular note was that volume expansion exaggerated the baseline difference in FENa for the two kidneys. The absolute increase in FENa of 1.6% for the APGN kidney was significantly less than the 4.0% from the intact kidney, P<0.01. Table II presents the results of TmPAH studies on three of the foregoing six dogs. Although variable, mean tubular secretion of PAH after PAH loading was similar for both kidneys, 4.2 and 4.6 mg/min. Thus, when factored by GFR, the TmPAHf/GFR was greater for the APGN kidney than intact kidney for each dog, the mean being 13.1 mg/dl for the APGN kidneys and 9.3 mg/dl for the intact kidneys.
Sequential studies were performed on three of the original six dogs in which the externally draining cystostomy tubes did not become obstructed. Each of these dogs at times ranging from 14 to 59 days reversed their sodium excretion patterns in response to extracellular fluid volume expansion. The results of the initial "early" study and study at the time of reversal, designated "late" study, are presented in Table III 16 mi/min compared to 57 ml/min for the intact kidney.
Mean CPAH was 62 ml/min for the kidney with APGN and 186 ml/min for the intact kidney with the resultant filtration fractions of 25 and 31% being significantly different, P < 0.005. The FENa was higher in five/six dogs in the APGN kidney than intact kidney, although the mean FENa for the two kidneys of 0.22 and 0.12%, respectively, was not statistically different, P > 0.1. The urinary sodium excretion of 5.1 tteq/min for the APGN kidney and 10.6 u.eq/min for the intact kidney also was not statistically different, P > 0.1. The difference in fractional excretion of water and free water clearance/ GFR for the two kidneys was significant while the osmolal clearance/GFR was similar for both kidneys.
After acute isotonic saline expansion, the slightly greater increase in GFR and CPAH in the APGN kidney did not achieve statistical significance compared to the intact kidney. The filtration fractions, however, changed in opposite directions, increasing in the APGN kidney and decreasing in the intact kidney, P < 0.05. The absolute increase in FENa in the APGN kidney of 5.8% was statistically greater than in the intact kidney of 2.9%, P < 0.05. This is in contrast to group I dogs in which the increase in FEN. was less in the APGN kidney than intact kidney. Fig. 1 terns of the APGN and intact kidney volume expansion.
before and after
TmPAH studies undertaken on four of the foregoing six dogs are also presented in Table II . TmPAH was less for the APGN kidney than intact kidney, 4.9 vs. 9.2 mg/min, respectively. However, when factored by GFR, the TmPAH/GFR was similar for both kidneys at 17.9 mg/dl for the APGN kidney and 18.5 mg/dl for the intact kidney. These results are in contrast to those in group I dogs (Table II) .
Group III. Bilateral APGN Sequential studies were performed on seven dogs after nephrotoxic serum injection with an initial control study obtained for comparison. The study for each dog which demonstrated the smallest (smallest natriuretic response) and largest (largest natriuretic response) absolute increase in FENa after isotonic saline volume expansion was selected and compiled (Table V) . In all seven dogs, the smallest natriuretic response study occurred before the largest natriuretic response study.
Smallest natriuretic response. Mean time of study was 3.1 days after nephrotoxic serum injection, range 1 h to 9 days. In all dogs the weight at the time of the smallest natriuretic response and control study was identical, mean weights for both studies being 18.1 kg. Mean GFR of 65 ml/min was 69% (range 28 to 95%) of the control mean GFR of 102 ml/min. Although the mean CPA,! was higher after nephrotoxic serum at 280 ml/min compared to 266 ml/min for the control study, this difference was not significant, P > 0.3. The filtration fraction was significantly lower at the time of the smallest natriuretic response study, 24%, than for the control study, 39%, P < 0.005. Base-line control/smallest natriuretic response ratios for FEN. of 0.38/0.14%, fractional excretion of water of 2.3/1.9%, and mean blood pressure of 111/117 mm Hg (recorded in four/seven dogs) were not significantly different. However, the difference in maximum urine osmolality of 1,737/1,009 mosmol/kg was significant, P < 0.05. Acute extracellular fluid volume expansion resulted in a marked divergence in FEN.. The absolute increase in FEN. of 2.5% during the control study was significantly greater than the 1.1% recorded during the smallest natriuretic response study, P < 0.005 (Fig. 2) . In no instance was the increase in urinary sodium excretion greater during the acute nephritis study than the control study. Largest natriuretic response. Mean time after disease induction for these studies was 10 days (range 1-20 days). By this time the weight in five of seven dogs had decreased by 1-2 kg. Mean GFR of 25 ml/min was 27% of the original GFR, range 4-70%. CPAH had decreased to a mean of 152 ml/min, P < 0.05 compared to both the control and smallest natriuretic response studies. The filtration fraction was still depressed at 22%, P < 0.05 compared to the control study, but was not significantly different from the smallest natriuretic response study. Base-line FEN. of 0.71% was significantly greater than the 0.14% during the smallest natriuretic response study, P < 0.05, but not significantly greater than the control study of 0.38%, P > 0.1. By this time the maximum urine osmolality had decreased to 611 mosmol/kg and mean blood pressure in the same four/seven dogs increased to 122 mm Hg, both significant at P < 0.01. Isotonic saline volume expansion resulted in an absolute increase in FENa of 4.9% in the largest natriuretic response studies, an increase significantly greater than both the smallest natriuretic response (P <0.005) and control (P < 0.05) studies (Fig. 2) . Volume expansion did not change the mean blood pressure significantly in any of the three studies.
For comparison with the bilateral APGN studies, acute bilateral pyelonephritis was induced in four dogs. The data for the control and acute pyelonephritis studies undertaken approximately 4 days after the induction procedure, the same interval after disease induction as the smallest natriuretic response study, are presented in Table VI . Each dog lost 1-2 kg by the time the acute pyelonephritis study was performed; thus it is likely all were volume contracted. Mean GFR was 95 ml/min before and 41 ml/min after pyelonephritis, but the severity of disease was quite variable with GFR reductions ranging from 12 to 67% of the original GFR. Although the mean urinary sodium excretion was similar before and after disease induction, 22.0 vs. 21.9 teq/min, there was marked individual variation. Base-line FENa was higher after pyelonephritis for three of four dogs with the overall mean being 0.17% before and 0.78% after pyelone- Biopsy from dog 57 APGN kidney at time of late study when the sodium excretion pattern was reversed compared to the early study. Marked tubular and interstitial damage is present along with changes of chronic glomerular injury (X 235, periodic acid-Schiff). studies was 2.1%; after pyelonephritis induction this increased to 6.6%, P <0.005 (Fig. 2) . In two dogs, 55 and 72, despite lower GFRs, the absolute increase in urinary sodium excretion was greater after pyelonephritis.
Histology
Needle biopsies of the kidneys were obtained through flank incisions within 2 days of the time of the reported study on most dogs.
Immunofluorescence microscopy. The APGN kidneys in all three groups had the typical linear deposits of sheep and dog IgG. However, the intensity of sheep IgG was significantly less in group II APGN kidneys because of the smaller amount of nephrotoxic serum injected. Dog complement was present in an interrupted linear and diffuse granular pattern along capillary loops, and fibrinogen was occasionally present in Bowman's space. The intact kidneys in groups I and II were usually completely negative except for dog IgG which was present in varying intensity. Only rarely could a trace amount of sheep IgG and dog complement be detected. Tubules of APGN and intact kidneys in all groups were negative.
Light microscopy. The glomeruli in the APGN kidneys in group I had increased cellularity, an influx of polymorphonuclear cells, swelling of endothelial and mesangial cell cytoplasm, occasional thickening and splitting of the basement membrane and deposition of mesangial-matrix-like material in the mesangium. Hydropic swelling was present in many tubule epithelial cells and erythrocyte casts were abundant in tubule lumina. The interstitium rarely contained inflammatory cells (Fig.  3) . The glomeruli in the intact kidney were normal with only an occasional glomerulus having a focal segmental increase in cellularity. The histologic changes in the APGN kidney at the time of the late study were primarily those of chronic disease. Many glomeruli had varying degrees of sclerosis and the remainder demonstrated increased cellularity. The most striking difference was in the interstitium which contained areas of tubular ablation or dilatation and foci of scarring and chronic inflammatory cell infiltration (Fig. 4) dilatation and clusters of chronic inflammatory, cells (Fig. 5) . The intact kidney glomeruli in group II were nearly free of pathologic changes with only an occasional glomerulus showing increased cellularity. Histological alterations in group III dogs at the time of the smallest natriuretic response study were similar to the APGN kidney in group I (Fig. 6 ) while interstitial and tubular destruction, similar to that in the late group I and group II APGN kidneys, were present at the time of the largest natriuretic response study (Fig. 7) . DISCUSSION Previous studies on functional adaptation of remaining nephrons in the diseased kidney have primarily involved chronic interstitial and, more recently, chronic glomerular disease (6, 10, 15) . The present studies focus on the adaptive response of nephrons in kidneys with acute immunologic glomerular injury. By studying dogs with unilateral Masugi's nephritis we were able to compare glomerulotubular balance in kidneys with acute proliferative glomerulonephritis of varying severity and contralateral intact kidneys in the nonuremic environ- kidneys was exaggerated by extracellular fluid volume expansion. While the kidney with APGN was able to respond to an acute saline load, the absolute increase in FEN. was significantly less than for the intact kidney. The functional pattern of the APGN kidney in the group II dogs exhibited marked differences compared to the APGN kidney group I dogs even though studied at the same time interval after nephrotoxic serum injection. Both the GFR and CPAH were lower than in group I, and the base-line FENa was slightly, but not significantly, higher than the contralateral intact kidney. However, extracellular fluid volume expansion elicited a greater absolute increase in FEN. from the APGN kidney than the contralateral intact kidney, a result opposite to the group I studies. In addition, maximum tubular secretion of PAH per GFR was similar for both the APGN and intact kidney, also in contrast to the group I studies. These results for the group II studies are similar to those reported for the unilateral pyelonephritic and chronic glomerulonephritic dog models (10, 11, 15, 16 It is interesting to note that in dog 75, despite a stable GFR in the diseased kidney, the sodium excretory pattern changed as the disease became chronic.
Sodium handling by the intact kidney in both models I and II was similar to the intact kidney in the dog model with a unilateral remnant or pyelonephritic kidney (11) . Thus, it seems unlikely that a circulating antinatriuretic substance was responsible for decreased sodium excretion by the APGN kidney in group I.
The evolving functional pattern of sodium handling in dogs with bilateral nephrotoxic nephritis was similar to the APGN kidney in group I dogs. As compared to the prediseased state, there initially was sodium retention and a decreased natriuretic response to extracel-tions for the APGN kidney in group I and the smallest natriuretic response study in group III dogs with bilateral disease. Lubowitz et al. (6) and Allison et al. (8) found the FENA in rats with moderate-to-severe nephrotoxic nephritis to be increased despite a decreased single nephron GFR. Histologic changes in these rats were more severe than those reported by Godon and included interstitial and tubular as well as glomerular damage. Thus their results are compatible with our findings for the APGN kidney in group II and in the largest natriuretic response study in group III dogs with bilateral disease.
The influence of the underlying pathologic lesion on the functional response of the remaining nephrons in a diseased kidney has received only limited attention. Sodium and water retention are clinical hallmarks of APGN while increased sodium excretion is described in pyelonephritis. Gonick et al. (17) , and Kleeman et al. (18) found a higher proportion of salt wasters among patients with tubular than with glomerular disease while on a low salt diet. However, recently, Schacht et al. (5, 19) reported increased sodium excretion after saline loading in patients studied months to years after an attack of acute poststreptococcal glomerulonephritis as compared to a control population. Although these authors describe persistent glomerular changes on repeat kidney biopsy, they do not comment on the presence or extent of interstitial or tubular damage (19) .
In their exposition of the "intact nephron hypothesis,"
Bricker et al. (15) emphasized the similarities and minimized the differences in glomerulotubular balance between the chronically diseased and control kidney in animals with unilateral disease. However, the base-line FENa is actually significantly higher for the pyelonephritic kidney than control kidney even though the differences are small (11) . The absolute difference in FEN. between the pyelonephritic and control kidney is approximately the same as the absolute difference in FEN. between the kidney with APGN and intact kidney in group I, although in opposite directions. These differences are exaggerated by volume expansion suggesting that the degree of volume expansion is important in determining similarity of whole kidney glomerulotubular balance for sodium in the diseased and control kidney in both of these models. Thus the differences appear to be significant, not so much during stable base-line conditions, but whenever the animal receives a natriuretic stimulus. Nevertheless, the degree of similarity of glomerulotubular balance for the APGN and intact kidney under base-line conditions is remarkable considering the marked pathologic alterations in the APGN kidney.
Postglomerular oncotic pressure, as indicated by the filtration fractions, cannot explain the difference in baseline sodium excretion between the APGN kidney and intact kidney in group I although it might conceivably do so in the group II dogs. It is of interest in this regard that Maddox et al. (20) recently reported that absolute and fractional fluid reabsorption in the proximal tubule of rats with mild nephrotoxic nephritis and a normal single nephron GFR, but a decreased filtration fraction, were less than in control rats. The changes in filtration fraction induced by volume expansion in the APGN kidney in groups I and II also do not parallel the different patterns of sodium excretion. However, filtration fractions must be interpreted with caution in these dogs until more information is available regarding PAH extraction ratios. It is also conceivable that creatinine could leak out of the damaged nephrons thereby giving both a falsely low GFR and filtration fraction. Allison et al. (8) , however, could find no indication of this using inulin for GFR measurement.
We have previously reported the pyelonephritic kidney in the unilateral dog model to be more sensitive to alterations in hydrostatic and oncotic pressure than the contralateral control kidney suggesting that changes in internal milieu of the diseased kidney are responsible for this increased sensitivity to changes in Starling forces (21) .
These studies, along with our present observations, support the concept that the pathological alterations within the kidney are responsible for its ultimate functional pattern. However, they do not definitively exclude the elaboration of a locally released antinatriuretic substance or increased degradation of (or unresponsiveness to) a natriuretic substance by the kidney with APGN of mild degree. They also do not exclude an increased sensitivity of the more severely damaged kidney with APGN, chronic glomerulonephritis, or pyelonephritis to a natriuretic substance. Finally, the intact nephron hypothesis applies in a limited fashion to kidneys with acute proliferative glomerular disease under base-line conditions, just as it does for kidneys with chronic glomerulonephritis or pyelonephritis. The similarity of whole kidney glomerulo-tubular balance for sodium in the diseased and contralateral control kidneys in the dog model with unilateral disease is largely determined by the degree of extracellular fluid volume expansion.
